The genus *Ephedra* L. (Ephedraceae), also referred to as ma huang in Chinese, contains species that are sources of important Chinese traditional and Tibetan medicines ([@bib4]). *Ephedra gerardiana* Wall. ex C. A. Mey. is distributed at altitudes above 3900 m in the Himalayan ranges ([@bib1]). Because it is both a drought-resistant plant species ([@bib11]) and an important Tibetan medicine ([@bib6]), *E. gerardiana* is useful for the study of the adaptive evolution and maintenance of genetic diversity in *Ephedra*. Relatively high genetic differentiation and variation are found for plants distributed on the Qinghai--Tibet Plateau due to its great geographical variability, in addition to frequent natural hybridization and polyploidization events ([@bib13]). Chloroplast fingerprints revealed a high level of genetic differentiation as reflected by high levels of genetic diversity (*F*~ST~) among populations of *Ephedra* species on the Qinghai--Tibet Plateau, such as in *E. gerardiana* (0.98) and *E. saxatilis* (Stapf) Royle ex Florin (0.86) ([@bib8]).

Microsatellite (also referred to as simple sequence repeat \[SSR\]) markers are widely used in studies of plant population genetics and genetic diversity because of their high levels of polymorphism, stability, and codominance. However, traditional methods to develop microsatellite markers are time-consuming and complex. High-throughput and low-cost next-generation sequencing has accelerated the identification of large numbers of microsatellite markers ([@bib9]). In this paper, we report the development of microsatellite markers for *Ephedra* species collected from the Qinghai--Tibet Plateau using Illumina MiSeq genome sequencing technology.

METHODS AND RESULTS
===================

We collected a total of 106 individuals representing three *E. gerardiana* populations, two *E. saxatilis* populations, and one *E. monosperma* C. A. Mey. population from various locations on the Qinghai--Tibet Plateau. Vouchers of the sampled population materials were deposited in the Herbarium of Tibet University, Lhasa, China. The materials and their locality information are listed in [Appendix 1](#app1){ref-type="app"}.

The high-quality DNA sample for Illumina MiSeq sequencing (Illumina, San Diego, California, USA) was isolated from a randomly selected individual in an *E. gerardiana* population (Eg_QM, [Appendix 1](#app1){ref-type="app"}) using a DNA extraction kit (Tiangen Biotech, Beijing, China). DNA samples of all other *Ephedra* individuals used for the validation of the identified microsatellite markers were extracted using the cetyltrimethylammonium bromide (CTAB) method following [@bib8]. The quality of extracted DNA samples was monitored on 1% agarose gels. The purity and concentration of the DNA samples were determined using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA).

For the development of microsatellite markers, an Illumina paired-end library was constructed using the TruSeq DNA Sample Prep Kit (Illumina) following the manufacturer's instructions and sequenced using the Illumina MiSeq platform at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) to generate 250-bp paired-end reads. A total of 3,306,253,832 high-quality reads, consisting of 5,492,116 bp (Q20 = 95.22%), were generated for the *E. gerardiana* samples (GenBank BioProject number: PRJNA354648). Raw reads were trimmed using SeqPrep (<https://github.com/jstjohn/SeqPrep>) and Sickle software ([@bib3]). Those reads with quality scores of \<20 and lengths \<20 bp were removed, leaving only the clean paired-end sequences. The high-quality filtered reads were assembled into 71,461 contigs by the GS De Novo Assembler version 2.8 (Roche Applied Science, Mannheim, Baden-Württemberg, Germany) with a length of 46,547,889 bp, N50 scaffold size of 1478 bp, N90 scaffold size of 1070 bp, and 32.78% GC content. Consequently, 3442 microsatellite sequences were identified using the MicroSAtellite Identification Tool (MISA; [@bib12]). Frequencies of each repeat type were classified as follows: di-, tri-, tetra-, penta-, and hexanucleotide repeats of 34.1% (1176 loci), 14.12% (486 loci), 0.67% (23 loci), 0.12% (4 loci), and 0.11% (2 loci), respectively. Of these, 2655 loci were designed for primer pairs using Primer3 software ([@bib10]), and 135 loci (mostly dinucleotide or pure nucleotide repeats) were determined suitable to use. Primer pairs were then synthesized at the 135 loci by Sangon Biotech Co. Ltd. (Shanghai, China), and we tested whether these primer pairs could produce PCR products in eight randomly selected individuals from two *E. gerardiana* populations (Eg_Chd and Eg_Qm; [Appendix 1](#app1){ref-type="app"}).

PCR amplifications were performed in a 10-μL volume with 10 ng of template DNA, 5 μL of 2× *Taq* PCR MasterMix (Tiangen Biotech), 0.4 μM of forward primers, 0.4 μM of reverse primers, and 3.7 μL of ddH~2~O following the protocol by [@bib14], except for the annealing temperatures as indicated in [Table 1](#tbl1){ref-type="table"} for 30 s. PCR products were visualized on a 6% polyacrylamide gel electrophoresis (PAGE) gel with a 10-bp DNA ladder marker. Consequently, 45 primer pairs could produce PCR products with clear bands on PAGE, and only 29 of these primer pairs produced polymorphic bands among the eight *E. gerardiana* individuals. To confirm the reproducibility of polymorphisms of the 29 primer pairs in the eight *E. gerardiana* individuals, PCR amplifications were repeated with ﬂuorescent dye--labeled ([@bib2]) forward primers and the PCR products were analyzed using the ABI 3710XL DNA analyzer (Applied Biosystems, Foster City, California, USA), using GeneScan 500 LIZ (Applied Biosystems) as the internal size standard. The peaks of the loci were read by Peak Scanner Software version 1.0 (Applied Biosystems). The PCR reaction was performed in a 10-μL reaction solution containing 10 ng of template DNA, 3.8 μL ddH~2~O, 5 μL 2× *Taq* PCR MasterMix (Tiangen Biotech), 0.4 μM reverse primers, 0.04 μM M13-tailed forward primers, and 0.36 μM M13 label (5′-CACGACGTTGTAAAACGAC-3′) following the program: initial denaturation at 94°C for 3 min; followed by 12 cycles of denaturation at 94°C for 30 s, annealing for 35 s at the temperatures described in [Table 1](#tbl1){ref-type="table"}, and extension at 72°C for 35 s; followed by another 24 cycles again at these conditions; and a final extension at 72°C for 7 min. The results showed perfect reproducibility of polymorphisms of the 29 primer pairs in the eight *E. gerardiana* individuals.

###### 

Characteristics of 29 microsatellite primer pairs developed in *Ephedra gerardiana*.

  Locus name                                  Primer sequences (5′--3′)      Repeat motif      Allele size range (bp)   *T*~a~ (°C)   Fluorescent dye   GenBank accession no.
  ------------------------------------------- ------------------------------ ----------------- ------------------------ ------------- ----------------- -----------------------
  EgSSR01[\*](#tblfn5){ref-type="table-fn"}   F: TGATGATTCATGAAGTATGATTGTG   (AT)~20~          140--172                 56            JOE               KR073011
                                              R: CCAATGGCTTTCGGATAACT                                                                                   
  EgSSR02[\*](#tblfn5){ref-type="table-fn"}   F: CCCAATGCTTAAAGAGAGGC        (GA)~17~          210--246                 59            FAM               KR073012
                                              R: TTCCAAGCCAAATCATCCTC                                                                                   
  EgSSR03[\*](#tblfn5){ref-type="table-fn"}   F: CATGGCCGAAATAATGCTTC        (CT)~13~          220--244                 59            JOE               KR073013
                                              R: TTATTGCCCCCACCTAAACA                                                                                   
  EgSSR04[\*](#tblfn5){ref-type="table-fn"}   F: CCAAATGTACCCAAAGCAAGA       (AAT)~8~          264--288                 59            FAM               KR073014
                                              R: TGAGTGAAACGCACAAGGAG                                                                                   
  EgSSR05[\*](#tblfn5){ref-type="table-fn"}   F: GCCTCCACTCATGAATTACCA       (ATG)~8~          146--164                 56            JOE               KR073015
                                              R: TGCAAATGAAGCAAGGACTTC                                                                                  
  EgSSR06[\*](#tblfn5){ref-type="table-fn"}   F: CTCCTCCATTGTTTTAGCCG        (ATT)~7~          222--243                 54            JOE               KR073016
                                              R: TGTTTTGAGGAAACTTGTTGAGA                                                                                
  EgSSR07[\*](#tblfn5){ref-type="table-fn"}   F: TGTGTTTGGAATCACACTTTTT      (ATT)~7~          140--240                 58            FAM               KR073017
                                              R: GACCAGGTGGAAGTCCTGAA                                                                                   
  EgSSR08[\*](#tblfn5){ref-type="table-fn"}   F: GATGGAAAAATTGTGGCTGC        (AT)~16~          188--200                 58            JOE               KR073018
                                              R: CCAATCCATAAAGGAACTCACA                                                                                 
  EgSSR09[\*](#tblfn5){ref-type="table-fn"}   F: CAACAAGGTTCCCTCCAAGA        (AG)~16~          212--248                 60            JOE               KR073019
                                              R: TTCAAGCAACAAGGTCCAAA                                                                                   
  EgSSR10[\*](#tblfn5){ref-type="table-fn"}   F: TGAAGAGACATGAACAATGGG       (TA)~14~          176--214                 60            FAM               KR073020
                                              R: AGAAGGCCCCAAGACCTTT                                                                                    
  EgSSR16                                     F: TCACTGCAGAGACAAATGAAGA      (GA)~12~          285--295                 58            FAM               KX077619
                                              R: CTTGTACGGAAAAGCCCTGA                                                                                   
  EgSSR17                                     F: TCATGCCTATGTGTAGTTGGC       (AT)~17~          256--268                 58            FAM               KX077620
                                              R: CCTCCTCAAACCAATTTCCA                                                                                   
  EgSSR18                                     F: AACTCATGATGGGATGTGACC       (AT)~16~          158--214                 60            JOE               KX077621
                                              R: GGTTTTGAGATCTTACGAAATGAC                                                                               
  EgSSR19                                     F: TCTCACCATAATGACTTTTACCGA    (AT)~15~          280--290                 60            FAM               KX077622
                                              R: TCACTATGGGCAGTTGGTCA                                                                                   
  EgSSR21                                     F: TTCCATCAAATCTCAAGGGC        (AT)~15~          172--180                 60            JOE               KX077624
                                              R: TGCCAGACTGCTATGTTGCT                                                                                   
  EgSSR23[\*](#tblfn5){ref-type="table-fn"}   F: TTGAGGAAGAGCGCCTTTTA        (AT)~14~          180--196                 60            JOE               KX077626
                                              R: AAACACAACAAACAAGAAAAACTCC                                                                              
  EgSSR24                                     F: TGTAGCCGACCCCAAATAAT        (TTG)~7~          241--250                 60            FAM               KX077627
                                              R: ATAAACGCATCTTGCATCCC                                                                                   
  EgSSR29                                     F: TGTTCTCGGTCTCACACTCG        (ATC)~7~          232--238                 59            FAM               KX077632
                                              R: TTTAGTGCCACCACCAGATG                                                                                   
  EgSSR31                                     F: TTTAGGAGTAGCCTAAGATTTCACG   (AAT)~5~          150--169                 60            JOE               KX077634
                                              R: GCATGTGGTTATTCATTTGTTCA                                                                                
  EgSSR33[\*](#tblfn5){ref-type="table-fn"}   F: TGGCTGAGTGATGCAGATTC        (TG)~7~(TA)~7~    237--253                 60            FAM               KX077636
                                              R: ATTCCCACAGATGGCATTTT                                                                                   
  EgSSR35[\*](#tblfn5){ref-type="table-fn"}   F: GCATGTCTATGGACTGCCAA        (CAAC)~5~         209--228                 60            JOE               KX077638
                                              R: TTGTAAAAGAGCATGCGGTG                                                                                   
  EgSSR37                                     F: TGACCCTTACAATGCCAAAA        (AAAT)~5~         236--262                 60            FAM               KX077640
                                              R: TCAGGTTTGTTCTCTTGCCC                                                                                   
  EgSSR39                                     F: CCAAGTCAGAAAAGACAGAAACA     (AC)~11~          174--192                 59            JOE               KX077642
                                              R: TATGCATCAGTGGCATCCTC                                                                                   
  EgSSR40[\*](#tblfn5){ref-type="table-fn"}   F: CCTGGAAACTTCCATCTCCA        (AAT)~9~          204--219                 60            JOE               KX077643
                                              R: TCCAGAAAAATGCGGGTAAG                                                                                   
  EgSSR41                                     F: TGTGAAACACCAAATAAGGGG       (AT)~14~          246--256                 58            JOE               KX077644
                                              R: GGATGTTATGAACAATGTATGCAA                                                                               
  EgSSR42                                     F: TGGCCTAAAATAGTGAAGTCGG      (TA)~9~(GA)~8~    240--254                 57            FAM               KX077645
                                              R: TCCTATGGGATTGCTCTTTTT                                                                                  
  EgSSR43                                     F: GTTAAAATTTGCGGGGGAGT        (AT)~9~(TAA)~9~   189--214                 60            JOE               KX077646
                                              R: ATGGGTCTATGCTTTTGGCT                                                                                   
  EgSSR44[\*](#tblfn5){ref-type="table-fn"}   F: CACTTTACAAGGAAAGGCCG        (AAT)~7~          112--216                 60            JOE               KX077647
                                              R: GAGGATTTATCCACGCAAGG                                                                                   
  EgSSR45                                     F: TCAGGTGGACAAATCCATGA        (CCAAAG)~5~       198--216                 60            JOE               KX077648
                                              R: TTGCTTGAGAAAGTGCCAAA                                                                                   

*Note*: *T*~a~ = annealing temperature.

These 15 loci were screened in all samples of *E. gerardiana* and in two related species (*E. saxatilis* and *E. monosperma*) in the genus.

Fifteen randomly selected loci from the 29 confirmed microsatellite markers were used to test their polymorphisms and transferability in a larger sample set of *E. gerardiana* (59 individuals in three populations) and two related *Ephedra* species (47 individuals in *E. saxatilis* and *E. monosperma*) ([Appendix 1](#app1){ref-type="app"}). The data matrices of the scored bands from all *Ephedra* species based on the 15 primer pairs were subject to analysis for genetic diversity estimates. Genetic parameters included the number of effective alleles per locus, observed heterozygosity, and Nei's unbiased expected heterozygosity ([@bib5]). All the analyses were conducted using GenAlEx software version 6.0 ([@bib7]). Our results showed moderate to high polymorphisms of the 15 primer pairs among *E. gerardiana* populations, with effective alleles ranging from two to six per locus and observed and expected heterozygosity ranging from 0.23--0.83 and 0.44--0.86, respectively ([Table 2](#tbl2){ref-type="table"}). Results further indicated high polymorphisms of the 15 loci in the populations of *E. saxatilis* and *E. monosperma* ([Table 3](#tbl3){ref-type="table"}). All the results suggest that these 15 microsatellite loci are suitable for use across species of the genus *Ephedra* in addition to the 14 loci that are suitable for use in *E. gerardiana* ([Table 1](#tbl1){ref-type="table"}).

###### 

Allelic diversity of *Ephedra gerardiana* populations based on 15 microsatellite loci.[^a^](#tblfn1){ref-type="table-fn"}

            Total (*n* = 59)   Eg_Qm (*n* = 20)   Eg_Chd (*n* = 19)   Eg_Ngz (*n* = 20)                                                   
  --------- ------------------ ------------------ ------------------- ------------------- ------- ------- --- ------- ------- --- ------- -------
  EgSSR01   2                  0.689              0.572               2                   0.684   0.575   3   0.632   0.642   2   0.750   0.499
  EgSSR02   6                  0.250              0.859               5                   0.400   0.828   6   0.000   0.842   9   0.350   0.908
  EgSSR03   5                  0.471              0.797               4                   0.300   0.765   4   0.263   0.767   6   0.850   0.858
  EgSSR04   3                  0.466              0.644               2                   0.211   0.508   3   0.632   0.629   4   0.556   0.795
  EgSSR05   3                  0.575              0.655               3                   0.600   0.701   2   0.526   0.539   3   0.600   0.724
  EgSSR06   3                  0.829              0.641               3                   0.737   0.656   2   1.000   0.608   3   0.750   0.659
  EgSSR07   2                  0.233              0.438               1                   0.000   0.097   2   0.000   0.569   3   0.700   0.647
  EgSSR08   2                  0.722              0.488               2                   0.750   0.501   2   0.667   0.457   2   0.750   0.506
  EgSSR09   5                  0.314              0.808               4                   0.176   0.758   5   0.211   0.805   6   0.556   0.862
  EgSSR10   6                  0.484              0.768               7                   0.421   0.886   2   0.421   0.522   8   0.611   0.895
  EgSSR23   3                  0.516              0.654               3                   0.176   0.622   2   0.538   0.575   4   0.833   0.763
  EgSSR33   4                  0.816              0.774               4                   0.647   0.765   5   0.800   0.839   3   1.000   0.717
  EgSSR35   3                  0.827              0.683               4                   0.750   0.738   3   0.842   0.647   3   0.889   0.665
  EgSSR40   3                  0.642              0.646               3                   0.643   0.690   2   0.615   0.443   5   0.667   0.805
  EgSSR44   3                  0.617              0.569               1                   0.263   0.235   3   0.882   0.697   4   0.706   0.775

*Note*: *A*~e~ = number of effective alleles; *H*~o~ = observed heterozygosity; *uH*~e~ = Nei's unbiased expected heterozygosity ([@bib5]).

Locality and voucher information are provided in [Appendix 1](#app1){ref-type="app"}.

###### 

Allelic diversity of populations of *Ephedra* *saxatilis* and *E. monosperma* based on 15 microsatellite loci developed in *E*. *gerardiana*.[^a^](#tblfn2){ref-type="table-fn"}

            *Ephedra saxatilis*   *Ephedra monosperma*                                           
  --------- --------------------- ---------------------- ------- --- ------- ------- --- ------- -------
  EgSSR01   3                     0.895                  0.716   2   0.778   0.606   3   0.625   0.725
  EgSSR02   3                     0.200                  0.677   3   0.789   0.679   2   0.800   0.644
  EgSSR03   6                     1.000                  0.863   5   0.842   0.824   4   0.125   0.792
  EgSSR04   2                     0.200                  0.354   2   0.684   0.491   3   0.800   0.778
  EgSSR05   2                     0.350                  0.550   1   0.368   0.309   1   1.000   0.000
  EgSSR06   2                     0.450                  0.396   2   1.000   0.539   3   0.333   0.697
  EgSSR07   1                     0.000                  0.097   2   0.053   0.366   3   0.625   0.725
  EgSSR08   2                     0.450                  0.442   2   0.316   0.548   2   1.000   0.533
  EgSSR09   4                     0.250                  0.737   2   0.316   0.508   2   0.125   0.592
  EgSSR10   4                     0.474                  0.767   5   0.895   0.839   3   1.000   0.758
  EgSSR23   2                     0.050                  0.529   2   0.357   0.542   4   0.750   0.783
  EgSSR33   2                     0.267                  0.570   3   1.000   0.742   2   0.750   0.542
  EgSSR35   3                     0.600                  0.633   2   0.294   0.483   1   0.000   0.000
  EgSSR40   2                     0.556                  0.527   3   0.278   0.648   2   0.500   0.433
  EgSSR44   2                     0.450                  0.376   2   0.000   0.398   1   0.375   0.325

*Note*: *A*~e~ = number of effective alleles; *H*~o~ = observed heterozygosity; *uH*~e~ = Nei's unbiased expected heterozygosity ([@bib5]).

Locality and voucher information are provided in [Appendix 1](#app1){ref-type="app"}.

CONCLUSIONS
===========

We developed and confirmed polymorphic microsatellite markers at 29 loci based on *E. gerardiana* populations, using the Illumina MiSeq sequencing method. Fifteen of these microsatellite loci were highly transferable to two related species in the genus, *E. saxatilis* and *E. monosperma*. These microsatellite markers will be useful for the characterization of genetic diversity and analysis of genetic structure for *Ephedra* species.

###### 

Geographic and voucher information of *Ephedra* populations used in this study.

  Species                                  Population name   Population size   Locality information[^a^](#tblfn3){ref-type="table-fn"}   GPS coordinates             Voucher ID[^b^](#tblfn4){ref-type="table-fn"}
  ---------------------------------------- ----------------- ----------------- --------------------------------------------------------- --------------------------- -----------------------------------------------
  *E. gerardiana* Wall. ex C. A. Mey.      Eg_Qm             20                Qomolangma                                                28°9.891′N, 86°50.571′E     Eg-Qm01--20
  *E. gerardiana*                          Eg_Chd            19                Chamdo                                                    30°19.147′N,97°15.028′E     Eg-Chd01--19
  *E. gerardiana*                          Eg_Ngz            20                Nagarze                                                   28°53.556′N, 090°17.224′E   Eg- Ngz01--20
  *E. saxatilis* (Stapf) Royle ex Florin   Es_Chd            19                Chamdo                                                    30°07.647′N, 097°17.248′E   Eg-Chd01--19
                                           Es_Tr             20                Tingri                                                    28°28.817′N, 087°33.856′E   Es-Tr01--20
  *E. monosperma* C. A. Mey.               Em_Cn             8                 Cuona                                                     28°12.559′N, 86°49.368′E    Em-Cn01--08

Collection localities are on the Qinghai--Tibet Plateau.

Vouchers were deposited in the Herbarium of Tibet University, Lhasa, China.
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